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To determine whether the cell cycle affects multidrug resistance (MDR) and its reversal, doxorubicin
(DOX) cytotoxicity and the effect of inhibition of P-glycoprotein (Pgp) activity by verapamil (VER)
were investigated in MDR LoVo cell lines (LoVo-R) in different phases of the cell cycle. Synchronised
cells were obtained by exposing cells for 24 h to non-toxic concentrations (40 nmol/l) of methotrexate
(MTX), which induced a reversible blockade in the S phase. DOX cytotoxicity was higher if cells were
exposed to DOX shortly after the pretreatment with MTX, when most cells were in the S phase of the
cell cycle. At that time, the DOX concentration inhibiting cell growth by 50% (ic,,) was decreased by
approximately 4-fold compared to non-synchronised cycling cells. DOX cytotoxicity remained high
during the transition from the S to the G,M phase, but was reduced when the cells had shifted to the
G,M phase. Inhibition of Pgp activity by VER (6 pumol/l) enhanced DOX uptake and resulted in an
intracellular nuclear compartmentalisation of DOX in LoVo-R cells. These effects were not signifi-
cantly different (P = NS) in the different phases of the cell cycle. However, similar increases in
intracellular DOX uptake due to the inhibitory effect of VER on Pgp greatly potentiated DOX
cytotoxicity in LoVo-R cells synchronised in the S or G,M phase compared with non-synchronised
cycling cells. The ratio between DOX 1c,, in the absence and presence of VER in LoVo-R cells
synchronised in the S phase and in cycling cells was 11.1 and 4.1, respectively (P< 0.01). This greater
potentiation could be explained by the increased chemosensitivity of the S- and G,M-phase cells to
intracellular DOX concentration compared with the non-synchronised cells. Finally, the combination
of synchronisation by MTX and of inhibition of Pgp activity by VER produced a considerable reduction
in DOX ic,, (approximately 50-fold) in LoVo-R cells compared with the cells not treated with MTX and
VER. In conclusion, this study demonstrates that, in LoVo-R cells, the effect of Pgp inhibition on DOX
cytotoxicity is dependent on cell cycle phase. DOX cytotoxicity is maximal when inhibition of Pgp
activity occurs during the S/G,M phases. Copyright © 1996 Elsevier Science Ltd
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INTRODUCTION
ALTHOUGH EXPERIMENTAL evidence indicates that drug resist-
ance can be overcome i vitro in multidrug resistant (MDR)
cell lines by treating cells with chemosensitisers, clinical MDR
reversal remains an intriguing issue [1-3]. Clinical resistance
could depend on several variables that prevent the interaction
of the antineoplastic drug with the cellular target site, by
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interfering with drug transport, drug metabolism, and
bioavailability of the intracellular drug target [4, 5]. The
efficacy of drug treatment depends on the bioavailability of
the intracellular target during drug exposure or on the possi-
bility of the drug reaching the intracellular target in an amount
sufficient to exert its cytotoxic effect. In MDR cells, this latter
phenomenon is prevented by the membrane P-glycoprotein
(Pgp) encoded by the MDR/! gene. This protein extrudes
drugs from the intracellular compartment or results in an
impaired intracellular compartmentalisation of anticancer
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drugs, preventing them from reaching the intracellular target
site [6—9]. However, inhibition of Pgp activity would not be
sufficient to restore drug chemosensitivity if the intracellular
drug target is not bioavailable during drug exposure [4, 5]
because of qualitative or quantitative modifications, or
because cells are in a cell cycle phase in which interaction
between drug and intracellular target is ineffective. Some
drugs belonging to the MDR spectrum, such as vincristine,
are typical phase-specific drugs. Others, such as anthracyclines
or epipodophyllotoxins, are more active during certain phases
of the cell cycle, though they are not typical phase-specific
drugs [10, 11].

Doxorubicin (DOX) is a drug involved in MDR. Although
its mechanism of action is not clearly defined, DOX may
intercalate into the DNA and/or react with topoisomerase II
[12]. As might be expected of compounds that inhibit DNA
function, maximal toxicity occurs in the S phase of the cell
cycle [11] and/or in the G,M phase, when concentrations of
the 170-kDa topoisomerase isoform are higher, and/or when
higher susceptibility to drug-induced DNA cleavage occurs
[13].

While the effect of inhibition of Pgp activity on DOX
cytotoxicity [12, 14] is well known, little work has been
devoted to the study of the potentiation of DOX cytotoxicity
in relation to the cell cycle phase in which inhibition of Pgp
activity is performed [15]. More studies on this issue could be
important for clinical treatments with reversers. Some positive
results have been obtained with reversal treatments in haema-
tological neoplasms that generally have rapid growth kinetics,
but results have not been as promising in slow proliferating
cancers, such as solid tumours [1-3]. It is worth considering
the possibility that chemotherapeutic treatment of MDR cells
when they are in the most chemosensitive phase of the cell
cycle may depend on their growth kinetics [16].

In this paper, we have investigated the effect of Pgp inhi-
bition on DOX cytotoxicity as a function of the cell cycle
phase in which this inhibition occurs. We have used the MDR
LoVo cell line (LoVo-R) as an experimental model. Cell
synchronisation was obtained by treating cells with a non-
toxic concentration of methotrexate (MTX), which did not
cause any detectable cytotoxicity, as reported previously [17].

MATERIALS AND METHODS

Drugs

DOX was obtained from Pharmacia-Farmitalia (Milan,
Italy), MTX was purchased from Lederle (Catania, Italy),
and racemic verapamil (VER) from Knoll (Ludwigshafen,
Germany). Drugs were dissoved in water under sterile con-
ditions just before use. ['*C])-DOX (specific activity 55 mCi/
mmol) was obtained from Amersham (Buckinghamshire,
U.K).

Cell lines

LoVo cell lines were obtained from the American Type
Culture Collection (Rockville, Maryland, U.S.A.). The LoVo-
R cell line was obtained by selection of the parental cell line
(LoVo) with 100 ng/ml DOX, as described previously {18].
LoVo-R cells were maintained in the continued presence of
the same DOX concentration for more than 12 months, until
24 h before testing. LoVo-R cells expressed levels of MDRI
mRNA about 18-fold higher than those of LoVo-sensitive
cells, as shown by Nothern and dot blot analyses. We have
previously demonstrated that LoVo-sensitive cells also express
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detectable amounts of MDRI! mRNA, though at very low
levels [18]. Cells were propagated in Ham’s F12 medium
supplemented with 10% heat-inactivated fetal calf serum
(FCS) (Seralab, Sussex, U.K.), 50 pg/ml streptomycin, and
50 U/ml of penicillin G. Cell cultures were incubated at 37°C
in a humidified atmosphere of 5% CO, and 95% air.

Synchronisation of cell culture and determination of cell
synchronisation

Exponentially growing cells were incubated with 40 nmol/l
MTZX for 24 h under standard culture conditions. After treat-
ment, the drug-containing medium was removed, the cells
washed with phosphate-buffered saline (PBS) and fresh
medium provided. At different intervals, synchronisation was
verified by flow cytometry procedures. The DNA content of
the cells was determined by FACScan (Becton Dickinson,
Franklin Lakes, New Jersey, U.S.A.) analysis after staining the
nuclei with propidium iodide. The SFIT model was used to
calculate the cell cycle phase distribution.

Chytoroxic effects

The cytotoxic effects of the pharmacological treatment were
determined by clonogenic assay in liquid medium, as pre-
viously described [9]. Drug cytotoxicity was calculated as the
percentage of cell survival in drug-treated cultures compared
with that in untreated controls. Results are reported as drug
concentrations (nmol/l) inhibiting cell clonogenicity by 50%
(1Csp). 1Csy was extrapolated by regression analysis of the
experimental data. Cells not treated with the drugs were used
as controls. In the experiments with VER (6 wmol/l), cells
treated with VER alone were used as controls. In synchronised
cells, treatment with DOX for 1.5 h in the presence or absence
of VER was performed at different times of recovery after
pretreatment with MTX. The concentrations of VER alone
did not cause any cytotoxic effect on non-synchronised or on
MTX-pretreated LoVo and LoVo-R cells. Colony efficiency
in MTX synchronised cells was not significantly different from
the controls.

DOX uptake and subcellular location

Exponentially growing and synchronised cells, 3—10 x 10°
in 10 ml of medium, seeded in 90-mm Petri dishes (Falcon,
New Jersey, U.S.A.), were incubated for 1.5 h at 37°C with
15 ml of fresh medium containing appropriate concentrations
of [*C]-DOX, with or without 6 umol/l VER. Radioactive
medium was subsequently withdrawn and Petri dishes chilled
on ice and quickly washed three times with ice-cold PBS.
Cells were harvested by treatment with trypsin and counted
with a haemocytometer. [1*C]-DOX uptake was determined
by liquid scinitillation counting. Results (expressed as pmol
DOX/10° cells) are reported as intracellular DOX content;
where specified, intracellular DOX content was corrected for
the variation in cell volume (determined by a Coulter Mod
ZM apparatus) that occurred after MTX treatment. The cell
volume of non-synchronised cells was used as the reference
value (see Table 1).

DOX subcellular distribution was visualised with a Nikon,
Diaphot-TMD fluorescence microscope (Nikon, Japan)
equipped with a high pressure HBO 100 W DC mercury
lamp, appropriate filters, a C2400-87 intensified CCD Hama-
matsu camera (Hamamatsu, Japan), and a custom-made
microscope image analysis system (TGA, Italy). For quantifi-
cation of the nuclear/cytoplasmic ratio (N/C ratio) for DOX,
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Table 1. Cyrotoxicity of doxorubicin (DOX) and effect of verapamil (VER) treatment in LoVo-R cells in different phases of the cell cycle

Recovery timet Cell volume VER
(h) Cells in different cell cycle phases (%) ratio} DOX 1¢s50 (mol/l) enhancementit
G, S G,/M -VER§ +VER||

Control 46.849.2 35.8+6.8 17.44£2.4 1 34.03£5.07 (1.0)] 8.31+2.54 (1.0)1% 4.1

0 45121 91.0+2.6 4.514.0 1.2 7.44+1.31 (4.6)**  0.6710.22 (12.4)** 11.1%*
1 3.8+1.7 90.8+3.8 5.0£2.9 1.3 8.3710.90 (4.1)**  0.8010.10 (10.4)** 10.5%*
2 4.5+2.1 86.5£2.6 9.0+2.6 1.3 7.8712.02 (4.3)**  0.92+0.22 (9.0)** 8.6%*
4 7.513.5 73.31£6.7 19.345.3 1.3 9.01£1.88 (3.8)**  0.97+0.13 (8.6)** 9, 3%*
6 13.0+7.32  27.318.5 64.018.4 1.6 12.06£0.94 (2.8)** 1.38+0.08  (6.0)** 8.7%*
8 28.5+6.1 20.818.8 50.816.2 1.6 19.26+3.85 (1.8)**  2.1940.59 (3.8)** 8.8%%*
12 17.8£6.9 39.8+10.2 42.5+10.4 1.4 23.5242.43 (1.4)* 3.301£0.37 (2.5)%* 7.1%*
16 45.044.1 27.316.9 32.7£2.6 0.8 35.6948.03 (1.0) 6.8910.66 (1.2) 5.2
24 44.314.1 39.843.1 16.015.5 1.1 38.3519.09 (0.9) 9.15+2.48 (0.9) 4.2
48 39.8£6.02 44.017.4 16.317.6 1.0 38.4917.45 (0.9) 9.67t1.63 (0.9) 4.0

1Times of recovery after synchronisation with 40 nmol/l MTX for 24 h. Control cells were not treated with MTX.} Ratios between cell volume
at different recovery times and cell volume of the control cells. §DOX 1cs, in the absence or [[presence of 6 pmol/l VER. Cells were exposed to
DOX with or without VER for 1.5 h. {,{1Ratios between DOX 1c5, of control cells not treated with MTX, and DOX 1c5, of cells at the defined
recovery time in absence (—VER) or presence (+VER). }$Ratios between § and ||. *,**P significantly different compared with the control cells;
mean * S.D. of at least four experiments. Icso, concentration inhibiting cell growth by 50%.

cells grown on chamber slides were incubated for 1.5 h with
6 umol/l DOX in the presence or absence of 6 umol/l VER.
Microscopic observation was performed with the microscopic
slide kept at 37°C. Experimental data are the means of 30-50
cell measurements for each treatment.

Statistics
For statistical analysis the s-test was used. Results were
considered statistically significant at P < 0.05.

RESULTS
DOX cytotoxicity as a function of cell cycle phase and effect of
VER treatment

Treatment of LoVo-R cells with 40 nmol/l of MTX for 24 h
caused a remarkable enrichment of S phase cells, whereas
most cells were in the G,M phase following 6 h of recovery
after drug removal. The synchronising effect of MTX was
reversible, and 24-48 h after MTX treatment the percentage
of cells in the Gy, S and G,M phases was approximately the
same as in the untreated controls (Figure 1, Table 1). Forty
nanomoles/litre of MTX did not affect the colony formation
of LoVo and LoVo-R cells. The chemosensitivity of LoVo and
LoVo-R cells to MTX was approximately the same. After 24 h
of treatment, the MTX i1c5, (mean * S.D.) was 121.3 *
27.3 nmol/l and 134.1 £46.6 nmol/l in LoVo and LoVo-R
cells, respectively.

Table 1 shows DOX 1c5, values at different times after
treatment of LoVo-R cells with 40 nmol/l MTX for 24 h. Cells
were exposed to DOX for 1.5 h. DOX 1c5, was lower if cells
were exposed to the anthracycline shortly after treatment with
MTZX, when most cells were synchronised in the S phase. The
cytotoxic effect of DOX remained high during the transition
from the S to the G,M phase, but was reduced when cells
shifted to the G,M phase.

Inhibition of Pgp activity by 6 pmol/l VER greatly enhanced
the cytotoxic effect of DOX in LoVo-R cells. This enhance-
ment was higher in the cells synchronised in the S and G,M
phases. DOX 1c5, was decreased by approximately 10-fold
when more than 90% of LoVo-R cells were in the S phase of

the cell cycle, whereas DOX 1c5, was decreased by approxi-
mately 4-fold in cells not synchronised by MTX pretreatment
(P <0.01) (Table 1). In LoVo-sensitive cells, a significant
(P < 0.01) potentiation of DOX cytotoxicity was achieved
only if inhibition of Pgp activity by VER was performed when
cells were in the S or G,M phases of the cell cycle. The
DOX 1cs0, in the presence of 6 pmol/l VER was decreased
(P < 0.01) 2-fold in LoVo cells synchronised in the S phase
and by 1.3 (P=NS) in non-synchronised cells (Table 2).

Synchronisation by MTX and inhibition of Pgp activity by
VER dramatically increased DOX cytotoxicity in LoVo-R
cells. DOX 1c5, in non-synchronised LoVo-R cells was
34.03 + 5.07 pmol/l, whereas the DOX 1c,, in LoVo-R cells
synchronised in the S phase and treated with VER was
0.67 £ 0.22 pmol/l (ratio = 50.8). In LoVo-sensitive cells, the
effect of synchronisation in the S phase plus inhibition of Pgp
activity by VER increased DOX cytotoxicity 7.6-fold.

DOX uptake and compartmentalisation in LoVo-sensitive and
LoVo-R cells as a function of cell cycle phase and effect of VER
Cellular DOX content was investigated in sensitive and
resistant cells during the recovery time from treatment with
non-cytotoxic concentrations of MTX (40 nmol/l). After 1.5h
of exposure to 1 pmol/l of DOX, the intracellular DOX con-
tent in LoVo-R cells was approximately 3-fold lower than in
LoVo cells. Maximal intracellular DOX content in both LoVo
and LoVo-R cells was observed after 6-8 h of recovery, when
the majority of the cells were in the G,M phase of the cell
cycle (Figure 2). This increase in intracellular DOX content
was not associated with an increment of intracellular DOX
concentration because of a variation in cell volume during the
different phases of the cell cycle. The median volume was
1068 £ 91 fl and 1091 * 165 fl in non-synchronised LoVo and
LoVo-R cells, respectively, whereas it was 1706 £ 92 fl and
1746 £36 fl in LoVo and LoVo-R cells synchronised in the
G;M phase, respectively. VER (6 umol/l) enhanced cellular
uptake of DOX in LoVo-R cells, but this increase was nearly
identical in all of the different phases of the cell cycle
(approximately 2.5-fold) (Figure 2). In addition, VER treat-
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Figure 1. Flow cytometric analysis of LoVo (upper) and LoVo-R cells (lower) after 24 h of exposure to 40 nmol/l methotrexate
(MTX). C, control cells not treated with MTX; T0, cells exposed to MTX for 24 h. Cells were treated with MTX, washed,
incubated in drug-free medium, and analysed 6 h (T6) and 24 h (T24) later.

Table 2. Cytotoxicity of doxorubicin (DOX) and effect of verapamil (VER) treatment in LoVo-sensitive cells in different phases of the cell

cycle
Recovery timet Cell volume VER
(h) Cells in different cell cycle phases (%) ratio} DOX 1c5y (pmol/l) enhancementtt
Go S G./M -VER§ +VER||
Control 41.545.5 43.815.6 14.71£3.8 1 0.61+0.08 (1.0) 0.4610.06 (1.0)1t 1.3
0 3.7+1.3 92.9+2.3 3.411.5 1.3 0.1610.03 (3.8)**  0.08%0.01 (5.8)** 2.0%*
6 15.015.7 26.818.8 58.249.3 1.6 0.2440.01 (2.5)** 0.1410.03 (3.3)** 1.7*
24 43.916.7 38.614.2 16.21+3.2 1.1 0.58+0.04 (1.1) 0.4910.06 (0.9) 1.2

For abbreviations see legend to Table 1.
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Figure 2. Effect of synchronisation by methotrexate (MTX) on
the intracellular doxorubicin (DOX) content in the presence
@) or absence (O) of verapamil (VER) in LoVo-R cells. Cells
were exposed for 1.5h to 3 pmoll DOX * 6 pmolll VER at
different recovery times after MTX pretreatment. C, control
cells not treated with MTX. Inset: DOX uptake in LoVo-sensi-
tive cells. Data obtained from at least four experiments. Bars,
standard deviation.

ment did not result in any variation in the cell volume of LoVo
and LoVo-R cells (data not shown).

LoVo-R cells exposed to 3 pmol/l DOX for 1.5 h showed
predominantly intracytoplasmic drug accumulation. Intracy-
toplasmic DOX compartmentalisation was not observed in
drug-sensitive LoVo cells, where DOX was localised mainly
in the nucleus. The N/C DOX fluorescence ratio was
0.65+0.02 in LoVo-R and 2.1 £ 0.1 in LoVo cells, without
significant differences (P=NS) between synchronised and
non-synchronised cells (Table 3). Inhibition of Pgp activity by
6 wmol/l VER allowed DOX to be redistributed in the nucleus
of LoVo-R cells. VER affected the DOX N/C ratio of S-phase
cells as much as that of non-synchronised cells (Table 3).

Chytotoxic effect of intracellular DOX in LoVo-R cells

To ascertain whether MDR cells have a different chemosen-
sitivity to intracellular DOX content in the different phases of
the cell cycle and to determine the effect of VER, LoVo-R
cells synchronised in the S phase (recovery time from MTX
pretreatment = 0) and non-synchronised cycling cells were
exposed for 1.5h to various extracellular DOX concen-
trations. The intracellular DOX content corrected for cell
volume (see Materials and Methods) was determined at the
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Table 3. Subcellular doxorubicin (DOX) distribution in LoVo-
sensitive (LoVo) and LoVo-resistant (LoVo-R) cells

N/C ratio*
Recovery
time LoVo LoVo-R
-VER +VER -VER +VER
Control 2.10£0.10 2.64+0.58 0.65+0.02 1.4+0.02
0 2.474+0.51 2.67+0.90 0.53+0.12 1.6+0.47
24 3.01+0.94 254+1.01 0.71£0.21 19%0.23

*Nucleus/cytoplasmic fluorescence ratio. Cells were exposed to
3 wmol/t DOX in the presence or absence of 6 umol/l VER.

same extracellular DOX concentrations used in the clonogenic
assay (Figure 3).

LoVo-R cells in the S phase of the cell cycle were much
more chemosensitive to intracellular DOX than non-
synchronised cells (Figure 3). The intracellular DOX content
inhibiting cell growth by 50% (DOX 1C50i0.)5 as determined by
regression analysis of the dose-response curves reported in
Figure 3, was 546 + 56 pmol DOX x 10°® cells and 1782 +
371 pmol DOX x 10° cells in S-phase and non-synchronised
LoVo-R cells, respectively. Exposure to 6 wmoll VER
increased the efficacy of intracellular DOX content in
synchronised and non-synchronised cells, probably as a conse-
quence of the intracellular DOX redistribution. However, S-
phase cells were more chemosensitive to intracellular DOX
than non-synchronised LoVo-R cells, even in the presence of
VER; the DOX 1Cs50;,, Was 192 1 38 pmol DOX x 10° cells
and 834 * 241 pmol DOX x 10° cells, respectively, in the S-
phase and non-synchronised LoVo-R cells (Figure 3).

DISCUSSION
It is well known that tumours with rapid growth kinetics are
more sensitive to antineoplastic agents than slow proliferating
tumours. In addition, many clinical trials have demonstrated
that the use of chemosensitisers in the clinic could be effi-
cacious only in tumours expressing Pgp and with rapid growth

g
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Figure 3. Cell survival as a function of intracellular doxorub-
icin (DOX) content corrected for cell volume variation (see
Materials and Methods) in S-phase synchronised (OM) and
non-synchronised (O®) LoVo-R cells, without verapamil
(VER) (open symbols) and in the presence of 6 pmolll VER
(solid symbols). Each data point represents the average of
at least four independent experiments. The relative standard
deviation was <30%.
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kinetics. Conversely, reversal treatments in slow proliferating
cancers are generally ineffective and could be associated with
increased toxicity in tissues expressing Pgp and with a short
doubling time, such as colon mucosa or haemopoietic stem
cells [1-3]. Although many biochemical mechanisms could
account for the efficacy in fast cycling cells, it must be con-
sidered that many antineoplastic drugs related to MDR are
more active in the S or G,M phases of the cell cycle. In the
reversal treatment of slow proliferating human tumours, the
fraction of tumour cells exposed to the antineoplastic drug
and chemosensitiser when they are in the most chemosensitive
phase of the cell cycle is extremely low. This raises the
question of whether inhibition of Pgp activity performed at
different stages of the cell cycle can determine different cyto-
toxic effects, or whether the differences in cytotoxicity are
simply due to variations in the chemosensitivity of the cells in
the different cell cycle phases.

In agreement with previous data [10], we found that LoVo-
R cell lines synchronised in the S phase by pretreatment with
non-toxic concentrations of MTX are approximately 4- to 5-
fold more sensitive to subsequent exposure to DOX than non-
synchronised cells. The cytotoxic effect of DOX remained
high during the transition from the S to the G,M phase, but
was reduced when cells shifted to the G,M phase.

In LoVo-sensitive cells, MTX synchronisation had the same
effects as in the resistant cells, thus indicating that MTX
synchronisation did not affect Pgp-mediated resistance.

Inhibition of Pgp activity by VER greatly enhanced the
cytotoxic effect of DOX in LoVo-R cells. This enhancement
was higher in the cells synchronised in the S and G,M phases
(range from 7.1- to 11.1-fold) than in cells not synchronised
by MTX pretreatment (approximately 4-fold, P < 0.01).
Therefore, the sensitisation factor by VER was 2- to 3-fold
higher in synchronised cells than in the non-synchronised
counterparts.

A significant (P < 0.05) potentiation (approximately 2-fold)
of DOX cytotoxicity by VER was achieved in LoVo-sensitive
cells only if inhibition of Pgp activity by VER occurred when
cells were in the S and G,M phases of the cell cycle (in
non-synchronised LoVo-sensitive control cells potentiation of
DOX cytotoxicity was 1.3-fold (NS)). It should be noted that
LoVo-sensitive cell lines constitutively express MDRI mRNA
even if at very low levels compared with LoVo-R cells [19].
Our data therefore suggest that inhibition of Pgp activity
affects DOX cytotoxicity in MDR cells expressing low levels of
MDRI mRNA only when cells are in the most chemosensitive
phase of the cell cycle. Some studies have indicated that the
level of MDRI mRNA expression in human tumours is lower
than in MDR cell lines obtained by drug selection [2], and
we previously demonstrated that the level of MDRI mRNA
expression in LoVo-sensitive cell lines is superimposable on
that observed in human colon carcinomas [18].

Pgp determines reduced intracellular drug accumulation
[6] and/or altered intracellular drug compartmentalisation,
which prevent the drug from reaching the intracellular target
sites. DOX is localised mainly in the nucleus of sensitive cells,
but has a preferential cytoplasmic distribution in MDR cells.
Inhibition of Pgp activity results in a nuclear DOX redistri-
bution of MDR cells [7-9]. We found that Pgp inhibition by
VER has similar effects on DOX uptake in synchronised and
non-synchronised LoVo-R cells. In agreement with the data
reported by Tarasiuk and associates [15], VER increased
intracellular DOX concentration approximately 2.5-fold both
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in synchronised and non-synchronised cells. Moreover, even
if the determination of the DOX N/C ratio was inaccurate,
particularly as quenching of nuclear fluorescence could occur
if nuclear anthracyclines are intercalated into the DNA
strands, we found that the effects of VER on DOX N/C ratio
were similar in the synchronised and non-synchronised cells.
These data indicate that the increased potentiation of DOX
cytotoxicity observed in synchronised cells as a consequence of
Pgp inhibition by VER could not be ascribed to the differential
effects of Pgp inhibition on intracellular DOX pharma-
cokinetics.

In LoVo-sensitive cells, only slight increases in cellular
DOX content were observed after VER exposure, inde-
pendent of the cell cycle phase in which VER plus DOX
treatment was performed. These differences were not signifi-
cant because of large standard deviations (P =NS).

Comparison of intracellular DOX concentration with DOX
cytotoxicity in LoVo-R cells indicated that, both in the cells
treated with VER and in synchronised cells, lower concen-
trations of DOX were required to achieve the same cytotoxic
effects as in the control cells. Thus, synchronised cells and
resistant cells in which Pgp activity is inhibited are more
sensitive to intracellular DOX concentrations. For equitoxic
effects, S- or G,M-phase cells required lower intracellular
drug concentrations than non-synchronised cells, most of
which were in the G, phase. This probably occurs because,
in the synchronised cells, the intracellular target(s) is more
bioavailable for interaction with DOX. The latter interacts
with topoisomerase II which, as recently reported by Kimura
and associates, undergoes qualitative and quantitative modi-
fications during the S and G,M phases of the cell cycle [10].
Moreover, the redistribution of drug due to Pgp inhibition
increases the drug concentration at the intracellular target site,
resulting in an increased sensitivity to the intracellular drug
concentrations [8, 19]. It is worth considering that the curves
obtained by plotting the intracellular DOX concentrations
and the percentage of cell survival (as reported in Figure 3)
had different slopes in synchronised and non-synchronised
cells. Similar increases in the intracellular DOX concentration
due to the inhibition of Pgp resulted in higher cytotoxic effects
in the synchronised cells compared with the non-synchronised
MDR cells. According to this, in LoVo-R cells in which the
activity of Pgp was inhibited by VER, the ratio between DOX
IC50 in non-synchronised cells and in cells synchronised in the
S or G,M phases was greater than the ratio between DOX
IC50 in non-synchronised and synchronised LoVo-R cells not
exposed to VER, confirming that VER increased DOX effi-
cacy in synchronised cells compared with non-synchronised
cells.

Finally, the combined effect of synchronisation and inhi-
bition of Pgp activity dramatically increased the intracellular
drug sensitivity to DOX, probably because of the cooperation
of the two mechanisms, i.e. an increased drug concentration
at the intracellular target site, due to drug recompartmentalis-
ation, occurs when the intracellular target site is more bioavail-
able for interaction with the antineoplastic drug, as a conse-
quence of synchronisation. In S-phase LoVo-R cells treated
with VER, the DOX 1cs0;,, was 192 + 38 pmol DOX x 10°
cells, whereas in the cells not treated with MTX and VER, the
DOX 1C505, was 1782 1 371 pmol DOX x 10° cells. Because
of this dramatic increase in the intracellular DOX efficacy, the
extracellular DOX concentration for equitoxic effects was
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decreased by approximately 50-fold in LoVo-R cells treated
with MTX and VER compared with untreated control cells.

In conclusion, this study demonstrates that, in LoVo-R
cells, the efficacy of treatment with DOX plus an inhibitor of
Pgp activity is schedule dependent. For maximal efficacy of
the reversal teatment, cells must be treated when they are in
the most chemosensitive phase of the cell cycle. Increased
DOX cytotoxicity appears to be related to the differential
chemosensitivity of LoVo-R cells to intracellular DOX con-
centration in the different phases of the cell cycle. In contrast,
inhibition of Pgp activity has the same effect on drug transport
and intracellular compartmentalisation in all phases of the
cell cycle.

Although in vivo extrapolations to human tumours from i
vitro experimental data would not be appropriate, the data
reported here are consistent with the results of clinical trials
using chemosensitisers in MDR neoplasms with fast growth
kinetics, such as haematological neoplasms. It should be noted
that, in these tumours, the number of cells in a chemosensitive
phase of the cell cycle during reversal treatment is high,
whereas in MDR tumours with slow growth kinetics, the
fraction of cells sensitive to the combination drug reverser
may be extremely low. The inhibition of Pgp activity by
reversers could potentiate the cytotoxic effect of the antineo-
plastic drugs only on normal tissues with higher growth kin-
etics, without affecting MDR tumour cells. The results of the
present work seem to indicate that reversal treatment is useful
in a restricted number of MDR solid tumours with fast growth
kinetics, but at the same time suggest a reconsideration, in
terms of schedule, of the reversal treatments and clinical
protocols in use for MDR tumours with slow growth kinetics.
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